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FOREWORD

Space Station Freedom, now under development, is a manned low Earth orbit
facility which will become part of the space infrastructure. Starting in the mid
1990s, Freedom will support a wide range of activities, including scientific
research, technology development, commercial ventures and, eventually, serve as
a transportation node for space exploration. While the initial facility will not be
capable of meeting all requirements, the space station will evolve over time as
requirements and on-board activities mature and change. The space station
design, therefore, allows for evolution to:

- expand capability,
- increase efficiency, and
- add new functions.

It is anticipated that many of the evolutionary ckhanges will be accomplished
through on-orbit replacement of systems, subsystems, and components as
technology advances. Therefore, technology development is critical to ensure the
continuing operation and expansion of the facility.

The Office of Aeronautics, Exploration and Technology (OAET) has sponsored
development of many of the technologies that are now part of Space Station
Freedom' s baseline design. Evolutionary and operational aspects of Freedom
continue to be an important thrust of OAET's Research and Technology (R&T)
efforts.

This workshop has been an important step in our understanding of the space
station's baseline systems, the evolutionary scenarios including the station's role
in space exploration, and the technologies that will be necessary to meet
evolutionary and growth requirements.

It is anticipated that application of the information acquired through the
workshop will lead to further technology development efforts to benefit Freedom
and will lead to continued collaboration between the Space Station Freedom
Program and the technology development community.




CLARIFICATION

Since the workshop was conducted in January of 1990, there have be
organizational changes throughout the agency. The Office of Aeronau
Space Technology (OAST) has been reorganized to include the former
xploration and is now called the Office of Aeronautics, Explorati
Technology (OAET). Also, the Human Exploration Initiative (HEI) h
expanded and renamed the Space Exploration Initiative (SEI). Some
materials in these proceedings were prepared after the workshop, and, th

references to new organizational entities and new programs may be found i
sections. '
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INTRODUCTION

NASA's Office of Aeronautics and Space Technology (OAST) conducted a
workshop on technology for space station evolution January 16-19, 1990, in Dallas,
Texas. The purpose of this workshop was to collect and clarify Space Station
Freedom technology requirements for evolution and to describe technologies that
can potentially fill those requirements. OAST will use the output of the workshop
as input for planning a technolo%y };l)rogram to serve the needs of space station
evolution. The main product of the workshop is a set of program plans and
descriptions for individual technology areas. These plans are the cumulative
recommendations of the more than 300 participants, which included researchers,

technologists, and managers from aerospace industries, universities, and government
organizations.

The identification of the technology areas to be included, as well as the
development of the program plans, was initiated by assigning NASA chairmen to the
eleven technology disciplines under consideration. The disciplines are as follows:

- Attitude Control and Stabilization (ACS)

- Communications and Tracking (C&T)

- Data Management System (DMS)

- Environmental Control and Life Support Systems (ECLSS)

- Extravehicular Activity/Manned Systems (EVA/MANSYS)

- Fluid Management System (FMS)

- Power System (POWER)

- Propulsion (PROP)

- Robotics (ROBOTICS)

- Structures/Materials (STRUCT)

- Thermal Control System (THERM)
Each chairman worked with a panel of experts involved in research and
development in the particular discipline. The chairmen, with the assistance of their
panels, were responsible for selecting invited presentations, identifying and inviting
Space Station Freedom Level III subsystem managers, and focusing the discussion of
the participants. In each discipline session, presentations describing status of the
current programs were made by the Level III subsystem managers and by OAST
program managers. After invited presentations by leading industry, university, and
NASA researchers, the sessions were devoted to identifying technology

requirements and to planning programs for development of the identified
technology areas. Particular attention was given to the potential requirements of
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the Human Exploration Initiative (HEI). The combined inputs of the participants
in each session were incorporated into a package including an overall discipline
summary, recommendations and issues, and proposed development plans for
specific technology within the discipline. These technology discipline summary
packages were later supplemented by the chairmen and their panels to include the
1m]pact of varied funding levels on the maturity of the selected technologies. OAST
will review the program plans and recommended funding levels based on available
funding and overall NASA priorities and incorporate them into a new OAST
initiative advocacy package for space station evolution technology.

These proceedings are organized into an Executive Summary and Overview and five
volumes containing the Technology Discipline Presentations.

The Executive Summary and Overview contains an executive summary for the
workshop, the technology discipline summary packages, the keynote address,
"Mission Requirements and Evolution Scenarios”, a presentation on the "Space
Station as a Transportation Node", and a discussion of the "Importance of
Automation". The executive summary provides a synopsis of the events and results
of the workshop, and the technology discipline summary packages are as described
above. In the keynote address, Dr. William B. Lenoir, Associate Administrator for
Space Station, discussed the significance of the space transportation/space station
infrastructure as the first steps towards the future of mankind in space. The
"Mission Requirements and Evolution Scenarios" were described by Dr. Earle
Huckins, III. "Space Station as a Transportation Node" was Dr. Jeffrey Rosendhal's
description of the status of the Space Exploration Program. Finally, in the
"Importance of Automation”, Dr. Henry Lum explained the significance of systems
autonomy for space station operations and evolution. The appendices to this
volume include a final workshop agenda and a list of attendees.
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EXECUTIVE SUMMARY

INTRODUCTION

For the next 30 years or more, Space Station Freedom (SSF) will be the keystone of the
space infrastructure. It will serve as a facility for advancing space science, a laboratory
for space technology development, a manufacturing process laboratory and pilot plant,
and a servicing center for spacecraft. Most importantly, it will serve as the trainin;
ground for men and women to operate in the space environment with increasing se
sufficiency for long periods of time, and it will ready them for human exploration of the
moon and Mars. Eventually, it will evolve into the transportation node -- the way
station -- for those journeys.

The necessigz to fulfill these functions places novel and difficult constraints on the
spacecraft's designers. For its lifetime, the space station will have to be maintained on
orbit. Starting as a multipurpose facility, its primaéy functions mag' change over the
yearsg it will have to adapt to new requirements and to change and grow in size and
capability.

- Therefore, it is of prime importance that all space station systems be designed to be not
only easily maintained with original spares, but also transgarent to advanced technology
and capable of expansion. The importance of advanced technology, to be developed
hand in hand with the spacecraft design, cannot be overemphasized.

The objective of "Technology for Space Station Evolution -- A Workshop" was to drive
out the requirements and the technologies that would enable the space station to:

- become more maintainable, safer, and more capable and

- evolve into the first and key element of the space exploration missions.
APPROACH

Eleven parallel workshops were organized along the lines of space station systems and
elements as follows:

Attitude Control and Stabilization (ACS)
Communications and Trackini,I(C&T)

Data Management System (DMS

Environmental Control and Life Support Systems (ECLSS)
Extravehicular Activity/Man Systems (EVA/ SYS)
Fluid Management System (FMS)

Power System

Propulsion System

Robotics

Structures/Materials

Thermal Control System (TCS)

& ] 3 t ] ] % ] 1} 1 ]

The workshops were chaired by senior experts in the technology disciplines, and the
requirements were presented by space station system/element managers. The
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workshop included participants from NASA centers, industry, and universities who were
either associated with the space station organization or otherwise recognized
technology discipline experts.

THE PLENARY SESSION

The topical workshops were preceded by a cs)lena.ry session led by the Associate
Administrator for Aeronautics, Exploration, and Technology, Mr. Arnold Aldrich. Mr.
Aldrich emphasized his organization's commitment to advancing technology to enable
the President's Space Exploration Initiative, The keynote speech delivered by Dr.
William Lenoir, Associate Administrator for Space Flight, detailed the importance of
the space transportation/space station infrastructure that will be the first major step
towards the future of mankind in space.

The Director of the Space Station Freedom Program, Mr. Richard Kohrs, followed with
a description of the ongoing space station program. Of particular importance to the
workshop was his insight into some technology issues and challenges. These issues,
listed below, received serious consideration in all topical workshops:

- design of the attitude control and stabilization system which must enable
the partially completed space station to remain in orbit;

- designing the communications and tracking system "right the first time",
since it will be difficult to change;

- the large size of the data management system which requires new
approaches to the development and verification of software;

- potential problems arising from the decision to leave the oxygen and

carbon dioxide loops of the life support system open until assembly
complete;

- the need to reduce the EVA man-hours currently projected for
maintenance;

- the challenge to ensure adequate redundancy in the fluid management
system; '

- the amount and source of power (tphotovoltaic vs. solar dynamic) and the
need to maintain hooks and scars for growth;

- potential resupgly problems arising from the change to hydrazine for the
auxiliary propulsion system;

- defining the requirements for the Flight Telerobotic Servicer;

- design and operational challenges to minimize effects of the
micrometeoroid and debris environment, as well as those of shuttle
docking and plume loads, on the structure; and

- development of the two-phase thermal control system.



Dr. Earle Huckins discussed current space station evolution scenarios. The status of
Space Exploration Program planning was presented by Dr. Jeffrey Rosendhal, who
followed Dr. Huckins. The plenary session was concluded by Dr. Henry Lum, who
impressed the importance of systems autonomy for operations and evolution on the
workshop participants. ' '

THE TOPICAL WORKSHOP SESSIONS

After three days of debate and deliberation, the participants gathered again for a
concluding session and presented the results of the topical workshop sessions.

Attit ntrol an ilizati

The guidance, navigation, and control system of SSF will have to handle spacecraft
build-up beyond the baseline. Evaluating the evolution scenarios, the workshop
participants concluded that advanced control system strategies are necessary to cope
with the uncertainties in the orbital environment and dynamically changing spacecraft
configurations resulting from dockirtl]%, build-up, and changing or shifting payloads. The
technology development areas identified as key to the solution are:

- attitude control technologies for multi-user accommodations,
- flexible body dynamics and controls,
- computational control techniques, and

- technology for autonomous rendezvous and proximity operations.

Deliverables should include:

- a proof-of-concept design for an integrated on-orbit flexible body and
disturbance identification subsystem, including hardware such as a
distributed fiber optic sensing system and software containing advanced
modal selection and model reduction methods and

- prototype relative navigation sensors integrated with GN&C algorithms,
trajectory control and collision avoidance techniques, on-board flight
planning, and orbital placement and transfer techniques.

Communications and Tracking

The Space Station Freedom will evolve to become the hub of a sophisticated
communications network that will require a multiple access system to provide
numerous simultaneous links between various spacecraft operating in different zones.
This will include proximity, space-to-ground, space-to-space, and potentially space to
the moon or Mars communications. »



The technology areas that have been identified as contributing highly to evolutionary
performance and safety improvements are:

optical communications and tracking,

monolithic microwave integrated circuit (MMIC) antenna systems,
traveling wave tube technology,

advanced modulation and coding, and

advanced automation for C&T.

Deliverables would include:

demonstration of long life, high modulation rate, high power laser
transmitters and extremely high sensitivity optical receivers,

demonstrations of Ka-band MMIC antenna system components, two
dimensional fast scanning rate Ka-band phased array antenna, and
conceptual design of an on-board millimeter wave orbital debris tracking
system,

analysis and selection of optimal modulation schemes to provide
enhanced data rates, and

demonstration/simulation” of autonomous system for selected C&T
functions.

The workshop also identified several baseline technical issues, including the expected
interference of the SSF multiple access system with the Ku-band. Secure Ka-band
allocation with SSF as the primary user was recommended. Baseline insertion of high
rate fiber optics was also recommended to enable accommodation of the high rate data
transmission requirements that are anticipated as the station evolves.

Data Management System

The SSF data management system is larger and more complex than any system
previously developed. It will have interfaces with all cther station systems, as well as
with all user payloads. The users' requirements exceed the planned capacity even in the
early stages, and it is expected that the demand for higher data rates will necessitate
growth soon after mature operations commence.

Technology needs include:

improved performance of embedded data processors,
improved mass storage,

evolutionary integration of multicomputers,



- increased bandwidth of existing fibers for on-board communications,

- expanded software support environment (SSE) and guidelines for
verification, and

- 3-D display technologies for improved human interface.

Several specific technologies were recommended to address various aspects of
improving and growing the system. The major concern, however, was adopting an
integrated systems approach to ensure successful system operation.

Environmental Control Li

At Assembly Complete, the SSF ECLSS will recover potable water via the humidity
control system, relg:enerate the hygiene and urine water, and regenerate oxygen from
carbon dioxide. Further technology advances will be necessary for long term and
efficient operation of an ECLSS that could be utilized for human exploration missions
to the moon and Mars. The highest impact technology areas were identified as:

- crew generated wastes (trash, feces, and brines) processes and
reclamation,

- regenerable water reclamation pre- and post-treatment to eliminate
expendable chemicals,

- simplified waste water processing,
- improved trace contaminant removal, and
- real-time microbial analysis of water.

Deliverables will include breadboard level components and subsystems and
documentation. The payoff will be in lower resupply and returnable weight and
volume, improved crew health, and higher maintainability.

The workshop also identified baseline technical issues. It was recommended that
increased emphasis be placed- on systems analysis to identify the highest payoff
subsystem technologies and on system automation with concomitant sensor
development.

EVA /Man Systems

Increased crew performance on SSF will be one of the key elements that can lead to a
successful exploration mission to the moon or Mars. Technology advancements will be
necessary to decrease the crew's time spent on routine tasks without diminishing their
skills needed for emergencies, increase the efficiency of acquiring new mission-related
skills, and provide an environment that improves motivation required for excellent
performance. The high-payoff technology areas identified at the workshop are:

- crew-systems interfaces and interactions,



training,

§

maintainability and supportability,

habitability and environment, and
- computational human factors/analysis tools.

Technology products recommended include:

- 3-D auditory displays, reliable and flexible speech recognition and
production systems, direct manipulation input devices, and virtual
workstations;

- Al/expert systems providing automation transparency, easy operator
intervention, and robust dynamic task allocation capabilities;

- embedded training techniques for systems and payloads; and

- demonstrations of advanced ORU concepts, systems interfaces
accommodating humans and robots, and inventory management systems.

Fluid Management System

Fluid management has been identified as one of the enabling technologies for space
exploration. The evolving SSF fluid management sgem can, therefore, serve as a
testbed to answer many of the key questions in this technology area. '

The major areas of emphasis have been identified as:
- subcritical cryogenic storage and transfer,

- fluid handling, including liqfuid slosh dynamics and liquid
dumping/venting/emergency relief, and

- component and instrumentation for fluid sampling/species identification,
leak detection, and on-orbit calibration. :

Deliverables are subcomponents, components, and subsystems that are ground and
flight validated and lead to:

- system performance data and validated analytical models that provide
esign criteria.

Power

The Space Station Freedom Program has chosen a photovoltaic power system with
nickel-hydrogen battery energy storage and a 120V DC power distribution system. This
is the only system for which a growth option is provided in the baseline, i.e., solar

ic}ynamic system development can be accelerated to meet increased power requirements
necessary.

10



The workshop identified the following areas for evolutionary growth of the photovoltaic
power system:

- advanced, more efficient solar arrays to reduce mass and increase
performance, and

- increased autonomy to facilitate power sharing among multiple users.

The preferred growth option, solar dynamics, would benefit primarily from technologies
leading to more efficient, lighter weight receivers and thermal energy storage.

Technology products to be delivered in this area include:

- production-ready advanced solar cells (such as the 19% efficient
GaAs/Ge cells),

- verified 60,000 cycle (ten year) lifetime nickel/hydrogen cells, and

- data packages and subscale hardware that facilitate the design of the
receiver/thermal energy storage system.

Propulsion

The space station baseline includes monopropellant hydrazine thrusters for backu
attitude control and reboost, aided by resistojets utilizing waste gases from the ECLSS.
The evolution scenario calls for the modular propulsion system to be replaced with a
hydrogen/oxygen system.

Workshop participants called for plans for advanced hydrazine, as well as storable
bipropellant, propulsion systems. They concluded, however, that the major emphasis
should be placecf on advancing the hydrogen/oxygen systems as rapidly as possible,
since no other technological improvement in the propulsion area could equal the

logistics resupply and fluid management integration payoff of the hydrogen/oxygen
system.

The following technologies have been pinpointed as critical:

- high pressure water electrolysis that would allow propellants to be
manufactured on orbit and

- waste fluid disposal, including advanced resistojets, arcjets, vaporizers,
and gas compressors.

Deliverables include:
- preprototype or prototype components and

- flight demonstrations, as needed.

11



Robotics

Robotics technology will be a vital factor for the successful and productive operations
on Space Station Freedom, as well as for any space exploration scenario that will be
implemented. The Mobile Servicing System supplied by Canada and the Flight
Telerobotic Servicer are both part of the Space Station Freedom Program. The need
for advanced technologies in this area is indisputable; however, the problem is in

gpplyipg engineering and management judgment to concentrate resources in the right
irections.

The workshop identified four technology categories:

- cross cutting and systems wide research, including systems engineerin
processes for integrated robotics, man/machine cooperative control, an
three-dimensional, real-time perception;

- advanced research in selected, critical areas;
- application-specific research; and

- "other", which includes primarily a constant, vigilant oversight of the on-
going program.

The workshop participants laid out program plans and deliverables, as requested. It
does, however, beg the question as to whether, with such a vast technology area, it is
meaningful to pinpoint components for development without first performing a detailed
systems engineering evaluation of the entire space station operations and evolution
scenario. It is sug%ested, therefore, that processes for systems engineering and

goxflit;nging oversight be established before specific technology development plans are
efined.

res/Material

The features that distinguish Space Station Freedom from any other spacecraft are:
- its assembly on orbit,
- its lifetime, and
- its physical size.

These attributes make advanced technologies in space construction, space-durable
materials, and controls/structures interaction mandatory aspects of any R&T program
aimed at the growth of the space station and space exploration.

SSF is going to be the first spacecraft assembled on orbit, but not the last. Present
plans call for assembly by EVA; advanced research must find wa(tiy;s to deploy structures
or erect them robotically, as well as find new assembly methods, such as mechanical
joints or welding. Freedom will have to serve as a testbed for controls/structures
interactions, since the dynamics of the structure with flexible manipulators, interactions

12



of on-board fluid dynamics with controlled assemblies, the limitation and alleviation of
dynamic loads, and management of microgravity levels cannot be modeled at this time.

Advanced technologies should include structural and mechanical concepts,
environmental inspection and repair techniques, and analysis methods to ensure
structurally robust long life and evolution of the space station. Materials technology
must include environmentally tolerant materials and material systems for space
applications, as well as processes for on-orbit repair and NDE methods.
The workshop participants identified a number of important issues:

- future in-space construction must minimize EVA;

- the dynamics of station and the performance of attached controlled
pay{oads and manipulators will become increasingly complex as station
evolves;

- materialz databases for space applications and on-orbit NDE science are
poor; an

- ground-based environmental simulations and test methods are
inadequate.

The recommendations to alleviate these problems include:
- developing and demonstrating in space the prof)er mix of EVA, robotic,
deployment, and modular assembly technology necessary for EVA
minimization; .

- developing a well-verified modeling capability for the dynamics of the
evolving station; and

- acquiring improved structures input to the development of proposed
configurations for growth,

Thermal Management

The present baseline calls for pumped-loop cooling internal to the pressurized modules
and for two-phase heat transport and radiators externally., The large capacity two-phase
thermal management system is not yet fully developed, and several flight experiments
are planned. If the demand for increased power is one of the first evolutionary steps as
expected, heat rejection capability will have to grow concurrently.

The major issues identified with utilizing the baseline technology for evolution and
growth are:

- an unacceptable increase in radiator sweep volume,
- increased EVA time,

- orbiter manifesting penalties associated with the weight and volume,

13



- operational ground support, and
- maintenance and repair operations.

The workshop participants identified key technologies necessary to evolve the thermal
management system to:

- decrease the heat rejection system size,

- increase capability for heat acquisition and transport,

- assemble external components roboticaily,

- monitor, control, and detect and isolate faults autonomously, and

- develop essential analytical tools. |
SUMMARY |
Certain overriding themes emerge from a review of the stated goals and the results of
this endeavor. ere is no dou%t that, in a technology development program focused

on space station evolution leading to space exploration, the highest priority
technologies must be those related to human performance.

Many topical workshops called for increased systems autonomy, including fault
detection and isolation, to enable the crew to spend more time on non-routine tasks.
Hand-in-hand with these recommendations go the almost unanimous requirements for
more maintainable components in every subsystem and for robotics to decrease EVA
time, aid the crew in external maintenance, perform additional construction tasks, and

aid in the placement of payloads. A significant aspect of both of these technologies is
the need for advanced man/machine interfaces.

Another important aspect of human performance is the requirement for advanced,
closed-loop life support. Commitment to long-duration, manned (sjgsce exploration
missions can be made only if a truly closed life support system including trace air and
water contaminant monitoring and control has been thoroughly tested on Space Station
Freedom. Life support system technologies, such as on-board processing of brines and
solid wastes and the development of regenerable contaminant control subsystems, are
also tied to the need to reduce 1cl?)erational costs by reducing the required logistics
resupply. An essential advanced life support system component is a water electrolysis
subsystem, which would regenerate oxygen from surplus water. This component could
also be used for generating fuel on orbit for an advanced propulsion system, thereby
cutting logistics resupply weight, :

Another category of critical technologies is coupled to the requirement for physical
growth of the space station to accommodate transportation node or satellite servicing
demands. This category is control/structure interactions, and the priority is to learn to
control the spacecra%t structure under constantly changing and shifting load conditions.

14



Advanced fluid management technologies, including cryogen transport, storage, and
handling, will also benefit the evolutionary space station. These advances will enable
the life support and propulsion systems to be synergistically integrated and will
significantly reducie logistics resupply costs by using water to manufacture hydrogen
and oxygen on orbit and by permitting nitrogen to be transported in the cryogenic,
instead of supercritical, state. The space station as a testbed for cryogenic fluid

management will be of major importance as Freedom evolves into a transportation node
for space exploration.

This workshop has been the first of many steps required to derive a plan to maximize
the benefits of advanced technology for space station evolution and growth. It was,
however, an important and productive start that will pay off in major contributions to
the low Earth orbit infrastructure that this nation is building. It will help us achieve our
}g:oal of extending human presence beyond our planet and will help Space Station

reedom to reap benefits for science, technology, and commerce and to become a way
station to the worlds beyond. ~

e WA A A ot

Bf.Judith H. Ambrus

Acting Assistant Director for Space Technology (Space Station)
Gengral Chairman
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